The posterior alpha rhythm (8 -14 Hz), originating in occipito-parietal areas through thalamocortical generation, displays characteristics of visual activity in anticipation of visual events. Posterior alpha power is influenced by visual spatial attention via top-down control from higher order attention areas such as the frontal eye field. It covaries with visual cortex excitability, as tested through transcranial magnetic stimulation (TMS), and predicts the perceptual fate of a forthcoming visual stimulus. Yet, it is still unknown whether the nature of the relationship between this prestimulus alpha oscillation and upcoming perception is causal or only correlative. Here, we tested in the human brain whether the oscillation in the alpha band is causally shaping perception through directly stimulating visual areas via short trains of rhythmic TMS. We compared stimulation at alpha frequency (10 Hz) with two control frequencies in the theta (5 Hz) and beta bands (20 Hz), and assessed immediate perceptual outcomes. Target visibility was significantly modulated by alpha stimulation, relative to both control conditions. Alpha stimulation selectively impaired visual detection in the visual field opposite to the stimulated hemisphere, while enhancing detection ipsilaterally. These frequency-specific effects were observed both for stimulation over occipital and parietal areas of the left and right hemispheres and were short lived: they were observed by the end of the TMS train but were absent 3 s later. This shows that the posterior alpha rhythm is actively involved in shaping forthcoming perception and, hence, constitutes a substrate rather than a mere correlate of visual input regulation.
Introduction
Oscillatory activity is an intrinsic property of the neuronal elements that generate it (Buzsáki and Draguhn, 2004) . Unsurprisingly, neuronal oscillations therefore display ongoing variability in power even at baseline (Linkenkaer-Hansen et al., 2001) , in addition to showing sensory-driven changes (Bauer et al., 2006; Gross et al., 2007; van Dijk et al., 2008) . More notably, trial-bytrial variability in oscillatory activity at baseline (e.g., before sensory input) also covaries with variability in forthcoming stimulus processing, as shown for specific oscillatory signatures over posterior recording sites (Womelsdorf et al., 2006; Hanslmayr et al., 2007; van Dijk et al., 2008) . These prestimulus brain rhythms thus seem to be perceptually relevant. However, to what extent these rhythms shape the perceptual fate of upcoming visual input, as opposed to reflecting by-products of other, underlying mechanisms, is unknown.
The posterior alpha rhythm (8 -14 Hz) is the most prominent oscillation during wakeful rest. It originates from occipitoparietal areas, where it is modulated by visual input (Berger, 1929; Adrian and Matthews, 1934; Hari et al., 1997) . It is therefore thought to reflect the spontaneous rhythm of visual areas. Because the occipital alpha oscillation is synchronized to cyclic activity in visual thalamic relay neurons, it is likely involved in signal transmission at early input stages (Lorincz et al., 2009) .
Occipito-parietal alpha oscillations also display characteristics of baseline hemodynamic signals in visual areas (Kastner et al., 1999) and visual thalamic nuclei (O'Connor et al., 2002) . By analogy to this baseline activity, posterior alpha power is influenced by deployment of visual spatial attention (Sauseng et al., 2005; Thut et al., 2006) , leading to retinotopically organized alpha changes in accordance with the focus of attention (Worden et al., 2000; Rihs et al., 2007) through top-down influences from the frontal eye field (Capotosto et al., 2009) . Prestimulus alpha power also covaries with the excitability of the visual cortex, tested by single-pulse transcranial magnetic stimulation (TMS) over the occipital pole (Romei et al., 2008) , and is predictive of forthcoming perception (Ergenoglu et al., 2004; Hanslmayr et al., 2007; van Dijk et al., 2008) . Together, these findings point to a role of alpha oscillations in regulating the incoming information flow at early (retinotopic) processing stages.
The current study was designed to test the nature of the link between the alpha rhythm and perception (causal vs correlative). To this end, we applied rhythmic TMS over occipito-parietal areas at alpha frequency before stimulus onset, thereby mimicking the natural brain rhythms of attention deployment, and tested for frequency-specific perceptual consequences. Because prestimulus alpha power is inversely related to perception (Ergenoglu et al., 2004; Hanslmayr et al., 2007; van Dijk et al., 2008) , in line with its suggested inhibitory role in brain operations , we expected mainly inhibitory effects of alpha stimulation. These should lead to retinotopically organized suppression of target visibility in the visual field opposite to the alpha-stimulated hemisphere, possibly in association with a secondary transcallosal disinhibitory (push-pull) effect in the visual field ipsilateral to TMS (Hilgetag et al., 2001 ).
Materials and Methods

Participants
Fourteen healthy volunteers with normal or corrected vision participated (8 women; mean age, 27.8 years; age range, 19 -42 years). All participants took part in two to three sessions of 1-1.5 h each for the recording of a dataset of TMS over one hemisphere. Of the 14 volunteers, 10 participated in these initial two to three sessions only (5 left hemispheres and 5 right hemispheres), whereas 4 volunteers agreed to take part in a further two to three sessions of TMS over the opposite hemisphere. Therefore, 10 participants were tested over the left or right hemisphere (5 per hemisphere), whereas 4 participants were tested over both left and right hemispheres, resulting in a total of 2 ϫ 9 participants tested per hemisphere. All participants gave written informed consent to participate in the study, which was approved by the ethics committee of the Faculty of Information and Mathematical Sciences, University of Glasgow.
Visual stimuli and task
A fixation cross and two placeholders were continuously displayed on white background on a CRT monitor (85 Hz refresh rate). The fixation cross (0.7°of visual angle) was presented in the upper part of the screen, and the two placeholders (squares, 2.0°) were presented at 4.1°/3.7°ec-centricity (horizontal/vertical) in the lower left visual field (LVF) and right visual field (RVF) [ Fig. 1 A (not drawn to proportion) ]. Each target stimulus was preceded by a red fixation cross (500 -700 ms duration), which served as a warning signal and temporarily replaced the black fixation cross. The target stimulus, which followed on this signal, consisted of a small black dot that was presented for 23.5 ms in the center of one of the placeholders. Target trials were randomly intermixed with catch trials (no target present, one-third of trials, i.e., one catch trial for each left or right target trial). The interstimulus interval (ISI) was 3 s.
Participants were asked to correctly report target presence whenever they perceived a dot by single button press with their right index (detection task). Response speed was not stressed at any time to favor the perceptual aspects of the task. Moreover, not stressing response speed served to minimize false alarms resulting from response anticipation (a likely confound of detection rate). Finally, targets were presented at threshold sizes (after individual titration before the experiment, same procedure as used in Hilgetag et al., 2001; Thut et al., 2006) , avoiding floor or ceiling of perception and therefore ensuring that both TMSinduced suppression and enhancement of target visibility can be uncovered.
Experimental procedure
Target titration. Targets were randomly presented in nine different sizes, ranging from 1 to 25 square-pixels (1 ϫ 1, 2 ϫ 1, 2 ϫ 2, 3 ϫ 2, 3 ϫ 3, 4 ϫ 3, 4 ϫ 4, 5 ϫ 4, 5 ϫ 5, 1 pixel ϭ 0.015°). The session consisted of two blocks of 270 trials each, lasting ϳ10 min, for a total of 20 trials per target size and visual field. At the end of the session, a psychometric curve was drawn for each participant, and the target closest to threshold (one per visual field) was selected for the experiment. Experiment. Rhythmic TMS was then applied while participants were performing the lateralized visual detection task on threshold targets [mean target sizes were as follows: 3.7 ϫ 3.2 pixels (0.056°ϫ 0.048°) for RVF stimuli; 3.6 ϫ 3.4 pixels (0.055°ϫ 0.051°) for LVF stimuli].
Rhythmic TMS was administered in short trains of five pulses at one of three frequencies (5, 10, and 20 Hz, in random order) immediately before each seventh trial (target onset coincided with the fifth TMS pulse). This made it possible to test effects of rhythmic TMS on target visibility at seven time points after each TMS train (0, 3, 6, 9, 12, 15, and 18 s; ISI ϭ 3 s) and led to an intertrain interval of 22 s. The experiment comprised nine blocks per hemisphere and site of stimulation (occipital left and/or right, parietal left and/or right, sham left and/or right) (ϳ4 min per Figure 1 . A, Experimental design and task. TMS was applied in trains of five pulses at alpha, theta, or beta frequency (10, 5, or 20 Hz; randomly intermixed) over one of four sites (occipital, parietal ϫ left, right; block design). Real TMS blocks were intermingled with sham blocks (coil perpendicular to the scalp). To assess immediate effects of prestimulus TMS, a near-threshold stimulus was presented simultaneously with the last pulse (0 s) in one of two placeholders, either contralaterally or ipsilaterally to TMS (plus catch trials). To assess offline effects, target visibility was probed for six further time points post-TMS [3, 6, 9, 12, 15, and 18 s (not shown)]. Participants had to respond with the right index finger whenever they perceived a stimulus. The intertrain interval was 22 s. Fixation cross and placeholders stayed continuously on the screen. B, Stimulation sites for one representative participant.
block, counterbalanced within sessions). This resulted in a maximum of 2 ϫ 810 real TMS pulses for a final nine trials per condition (ipsilateral, contralateral, and catch trials).
Occipital, parietal, and sham TMS
TMS was applied with a Magstim Rapid 2 Transcranial Magnetic Stimulator (via a 70 mm figure-of-eight coil; Magstim) over the left or right occipital cortex (at the sites of maximum phosphene induction) or over the left or right parietal cortex [Talairach coordinates taken from a study on attention orienting by Corbetta et al., 1998 , and neuronavigated via Brainsight (Rogue Research)] (see also Fig. 1 B) . The coordinates were as follows: average left occipital: Ϫ17.3 Ϯ 2.5; Ϫ85.4 Ϯ 1.5; Ϫ25.0 Ϯ4.9; average right occipital: 28.2 Ϯ 3.9; Ϫ83.7 Ϯ2.0; Ϫ25.3 Ϯ7.6; left parietal: Ϫ19, Ϫ63, 60; right parietal: 17, Ϫ65, 54. The parietal site was located in the intraparietal sulcus (Corbetta et al., 1998) . During real TMS, the coil surface was in a tangential position to the scalp with its handle oriented parallel to the sagittal plane. Most of the current was therefore induced in the anterior-posterior ( y-axis) and superior-inferior dimension (zaxis), with only minor contribution to the left-right dimension (x-axis).
Sham stimulation was performed to account for nonspecific TMS effects induced by the auditory clicks. Specifically, the TMS coil was positioned in between the occipital and parietal spots and oriented perpendicular to the scalp. Sham recordings were obtained for both hemispheres and all three frequencies of stimulation. Auditory clicks differed in our design in (1) lateralization (left, right) and (2) click-density over time (5, 10, 20/s), which could have biased visual target detection as a result of (1) lateralized cross-modal attention capture or (2) differential alerting potential (high click density in 20 Hz trains should have maximum alerting potential). Hence, the need to control for nonspecific influences on the dependent measure of interest via a sham condition.
TMS intensity
TMS intensity was chosen at phosphene threshold determined in blindfolded participants (or motor threshold when no consistent phosphenes could be obtained, n ϭ 2 participants). Under blindfolding, occipital stimulation at experimental TMS intensity therefore evoked weak phosphenes in 50% of trials. In contrast, no participant reported seeing phosphenes while facing the white screen during the task on stimulation of the occipital target site. This is in accord with the phosphene threshold being increased with a concurrent visual detection task (Kammer et al., 2005) . In addition, no participant experienced phosphenes with parietal TMS, neither when blindfolded nor when facing the white screen and performing the task. Hence, TMS was subthreshold (occipital TMS) or ineffective (parietal TMS) in evoking phosphenes at the experimental intensity, avoiding phosphenes that could distract from target detection. The average stimulation intensity (ϮSEM) was 61.2 Ϯ 1.4% of maximum stimulator output.
Data analyses
The dependent measure of interest was hit rate as a result of the instructions emphasizing perceptual aspects of the task. Because no speeded response was required, reaction times were expected to be uninformative, which was confirmed by ANOVAs (same factorial designs as for hit rate) not revealing any significant effect.
Because hit rate was affected by nonspecific TMS effects (see below), we first sham normalized the data before examining TMS effects across conditions. Sham normalization consisted of subtracting the mean hit rate of each subject and sham TMS condition from the mean hit rate for that subject under the corresponding real condition (real TMS Ϫ sham TMS). To evaluate the immediate TMS effects on target visibility (0 s post-train delay), data were subjected to a mixed-design ANOVA with the between-subject factor hemisphere (left vs right) and the withinsubject factors TMS frequency (5 Hz vs 10 Hz vs 20 Hz), TMS site (occipital vs parietal), and target position (contralateral vs ipsilateral to TMS). To examine target visibility over the entire intertrain interval (22 s), the within-subject factor of post-train delay (0, 3, 6, 9, 12, 15 and 18 s) was added. When appropriate, post hoc comparisons involved simple tests.
Results
We first checked for nonspecific effects attributable to the TMSassociated sensory events (the lateralized click trains) by examining performance in the sham control. We found a linear increase of detection rates at train offset (0 s delay) with increasing frequency of click trains [5 vs 10 vs 20 Hz (sham): 40.2 Ϯ 4.5% vs 51.4 Ϯ 3.9% vs 56.5 Ϯ 3.1%; main effect: F (2,32) ϭ 7.57, p ϭ 0.002; linear polynomial contrast: F ϭ 11.3, p ϭ 0.0039], most likely the result of an enhanced alerting potential as click density increases from 5 to 20 Hz. Conversely, we found no effect on detection when targets were presented ipsilateral versus contralateral to the sham trains (49.1 Ϯ 4.0% vs 49.7 Ϯ 3.7% at 0 s delay; no main effect of target position: F (1,16) ϭ 0.02, p ϭ 0.90), speaking against cross-modal deployment of visual spatial attention by the lateralized click trains. To reveal the TMS-specific effects, we removed the nonspecific TMS confounds via sham normalization (detection rates in real TMS Ϫ sham control). In the following, we focus on this normalized measure (see the integral dataset, available at www.jneurosci.org as supplemental material).
TMS-specific effects on sham-normalized hit rate
At the train offsets (0 s delay), we found a significant two-way interaction between TMS frequency (5 Hz vs 10 Hz vs 20 Hz) and target position (contralateral vs ipsilateral to TMS) (F (2,32) ϭ 9.7; p ϭ 0.0005), in line with rhythmic TMS affecting perception in a frequency-and space-specific manner. Target detection in the contralateral versus ipsilateral visual fields to TMS was differentially affected by 10 Hz TMS (simple effect of target position: F (1,16) ϭ 13.5, p ϭ 0.002) (Fig. 2 A, middle bars) but not by 5 Hz (F (1,16) ϭ 0.3, p ϭ 0.63) or 20 Hz TMS (F (1,16) ϭ 1.7, p ϭ 0.21) (Fig. 2 A, lateral bars) . In the visual field contralateral to rhythmic stimulation, 10 Hz TMS significantly impaired target detection, relative to the 5 Hz (simple effect of TMS frequency: F (1,16) ϭ 5.7, p ϭ 0.029) and 20 Hz TMS (F (1,16) ϭ 4.7, p ϭ 0.045) (Fig. 2 A,  dark gray bars) . Conversely, in the visual field ipsilateral to rhythmic stimulation, 10 Hz TMS significantly enhanced target detection, relative to the 5 Hz (F (1,16) ϭ 6.0, p ϭ 0.025) and 20 Hz conditions (F (1,16) ϭ 12.4, p ϭ 0.003) (Fig. 2 A, light gray bars) . There were no other significant main effects or interactions.
Notably, the two-way interaction between TMS frequency and target position depended neither on hemisphere (no threeway interaction with hemisphere: F (2,32) ϭ 1.2, p ϭ 0.32) nor TMS-Site (no three-way interaction with site: F (2,32) ϭ 0.9, p ϭ 0.42). This suggests that the 10 Hz-specific pattern of contralateral suppression with ipsilateral enhancement (Fig. 2 A) generalizes across hemispheres (left, right) and sites (occipital, parietal) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Finally, the 10 Hz-specific effects at 0 s delay (immediate effect) disappeared over the subsequent six time points of testing (3-18 s) within the intertrain interval (Fig. 3) , as indicated by a significant three-way interaction of TMS frequency and target position with post-train delays (F (12,192) ϭ 1.9, p ϭ 0.035), and insignificant two-way interactions between TMS frequency and target position for all delays Ն3 s (F Ͻ 1.6, p Ͼ 0.22).
Sham-normalized false alarm rates in catch trials
Finally, we calculated the false alarm rate for catch trials to establish that rhythmic TMS effects on hit rate reflect a perceptual bias. False alarm rates were small (Fig. 2 B, illustrated for 0 s delay) and did not show any significant main effects or interactions across conditions.
Discussion
Our main finding is that stimulation of the cortical sites of alpha generation through rhythmic short-train TMS biases the visibility of lateralized stimuli in a spatially specific and frequencyspecific manner. By the end of the five-pulse trains, occipital and parietal TMS at alpha frequency (10 Hz) impaired target visibility in the visual field contralateral to the stimulated hemisphere and enhanced it ipsilaterally relative to control stimulations in the theta (5 Hz) and beta (20 Hz) bands. Because alpha TMS suppressed contralateral perception, the alpha-specific effect seems primarily inhibitory in nature, in line with the alpha-inhibition hypothesis . Because perception of ipsilateral targets was also enhanced, however, local inhibitory effects by alpha TMS seem to release opposite homologous areas, contributing to a pushpull effect previously reported in the attention literature (Hilgetag et al., 2001) . The finding that the spatially specific effects of prestimulus alpha TMS were symmetrically evoked not only over occipital and parietal cortex but also over the left and right hemisphere suggests that these effects originate in retinotopically organized areas, present in both the occipital and parietal lobes (for review, see Silver and Kastner, 2009 ). On the one hand, rhythmic alpha TMS over occipital and parietal areas might have selectively affected stimulus-related neurons of the respective retinotopic occipital and parietal maps. On the other hand, it is plausible that although the TMS coil was localized to either occipital or parietal cortex, there was a common effect site for both conditions (e.g., the occipital cortex) because of the two sites being naturally connected in a retinotopic, pointby-point manner to allow for transmission of top-down attention signals from parietal to early visual cortex (Silver and Kastner, 2009) . Overall, our results provide evidence for a causal, mechanistic role of the alpha oscillation. The data indicate that alpha regulates the flow of incoming information by playing a role in anticipatory tuning of retinotopically organized areas.
The use of rhythmic transcranial stimulation at frequencies mimicking brain rhythms for the study of brain oscillations has recently gained renewed interest (Pogosyan et al., 2009; Sauseng et al., 2009; Thut and Miniussi, 2009) . Regarding the alpha rhythm, parietal TMS at alpha frequency has been found to enhance performance in visual mental rotation of three-dimensional cubes (Klimesch et al., 2003) or visual working memory for unilateral targets when competing with contralateral distracters (Sauseng et al., 2009) . In both cases, the focus was thus on internal visual representation, rather than perception of external stimuli. In both cases also, parietal alpha TMS can be interpreted as benefitting these internal representations by suppressing input from distracting visual information (Sauseng et al., 2009) . Our data indicate that alpha oscillations play a key role in shaping the perceptual bias across the two hemi-fields beyond representational space. Interestingly, alpha TMS not only suppressed target visibility contralaterally but also enhanced it ipsilaterally, even in the absence of distracters (we used unilateral target displays). The beneficial effect of alpha stimulation on ipsilateral target visibility therefore cannot be explained by simply freeing capacity as a consequence of contralateral distracter suppression (as in Sauseng et al., 2009) , but is likely to result from transcallosal network effects. This implicates posterior alpha oscillators in a push-pull mechanism shaping perceptual bias across the hemi-fields, in line with previous findings that a posterior alpha lateralization index, taking into account activity over both hemispheres, best indexes momentary attentional bias (Thut et al., 2006) .
How could the effects of alpha TMS come about? Although speculative, the most likely explanation at this point is entrainment of the natural alpha rhythm (see also Sauseng et al., 2009) . It has been shown that a single occipital TMS pulse delivered at a low, variable jitter rate triggers alpha oscillations in occipital regions (Rosanova et al., 2009 ). This can be explained as a result of resetting the natural rhythm of the stimulated corticothalamic circuit, much like the account for beta waves triggered by TMS over motor cortex (Van Der Werf and Paus, 2006) . It is thus likely that alpha oscillations were evoked for all stimulation frequencies in the current study, at least by the initial pulse in the sequence. In contrast to Rosanova et al. (2009) , we applied the subsequent TMS pulses at fixed rates. When occurring in phase with the TMS-initiated alpha oscillation (such as when applied at 10 Hz), these subsequent pulses would be expected to reset more and more neurons to oscillate in synchrony with the evolving alpha wave, resulting in progressive entrainment. Stimulation at 5 Hz might not evoke additive effects because TMS-induced alpha waves seem to last less than two cycles (Rosanova et al., 2009, their Fig. 1 ). Stimulation at 20 Hz might interfere with additive effects because each second pulse occurs in anti-phase with the alpha cycle (20 Hz). Note that this account would link TMSinduced alpha synchronization (power) with perception, the latter probed here for only one time point immediately post-TMS. It is conceivable that target visibility might further vary with the time point of testing within an alpha cycle, because visual perception not only fluctuates with alpha power but also with alpha phase (Busch et al., 2009; Mathewson et al., 2009) . It is also conceivable that the strength of the effects reported here depends on the individual alpha frequency.
The reported result of contralateral suppression and/or ipsilateral release of visual detection is also in line with the hemispheric rivalry model (Kinsbourne, 1977) , positing that spatial attention is governed by two homologous attention processors, located opposite each other in the left and right hemispheres. Because each processor controls attention toward the opposite hemi-field and because reciprocally interacting through inhibitory cross talk, the model posits that damage to one processor will suppress perception contralaterally and release it ipsilaterally, the latter effect being the result of disinhibition of the unaffected processor from the disrupted, contralateral counterpart. Corresponding results have been obtained previously with parietal TMS using so-called disruptive ("virtual lesion") TMS protocols (Seyal et al., 1995; Hilgetag et al., 2001; Blankenburg et al., 2008) , some of which include 10 Hz TMS over a short interval (online rTMS protocol). We show for the first time that the potential of behavioral suppression (and associated "paradoxical" enhancement) of online rTMS depends on the frequency applied (maximum for alpha TMS) in line with the inhibitory alpha hypothesis, at least for stimulation over alpha oscillating sites at short trains.
In summary, we find lateralized rhythmic TMS of the posterior brain at alpha frequency to bias perception away from contralateral and toward ipsilateral space. We conclude that visual receptive/attentive states in humans cannot only be inferred from prestimulus oscillatory EEG signatures (as shown previously for the posterior alpha rhythm by, for example, Thut et al., 2006; Hanslmayr et al., 2007; van Dijk et al., 2008) , but can also be induced by rhythmic transcranial stimulation at these frequencies to bias upcoming perception in a specific direction.
